We construct new models of N =8 superconformal mechanics associated with the off-shell N =8, d=1 supermultiplets (3, 8, 5) and (5, 8, 3). These two multiplets are derived as N =8 Goldstone superfields and correspond to nonlinear realizations of the N =8, d=1 superconformal group OSp(4 ⋆ |4) in its supercosets
Introduction
Supersymmetric quantum mechanics (SQM) [1] - [26] 1 has plenty of applications ranging from the phenomenon of spontaneous breaking of supersymmetry [1, 6, 7] to the description of the moduli of supersymmetric monopoles and black holes [12, 13, 20, 21] . The latter topic is closely related to the AdS 2 /CFT 1 pattern of the general AdS/CFT correspondence [28] , and it is the superconformal versions of SQM [3, 4, 5, 13, 14, 15, 17, 22, 25] which are relevant in this context. Most attention has been paid to SQM models with extended N=2n supersymmetries (where n=1, 2, . . .)
2 because the latter are related to supersymmetries in d>1 dimensions via some variant of dimensional reduction.
So far, the mostly explored example is SQM with N≤4 supersymmetry. However, the geometries of d=1 sigma models having N≥4 supercharges are discussed in [12, 18] . Up to now, concrete SQM models with N=8, d=1 supersymmetry have been of particular use. In [12] such sigma models were employed to describe the moduli of certain solitonic black holes. In [11] , a superconformal N=8, d=1 action was constructed for the low energy effective dynamics of a D0-brane moving in D4-brane and/or orientifold plane backgrounds (see also [29, 26] ). In [21] , N=8 SQM yielded the low energy description of half-BPS monopoles in N=4 SYM theory.
It appears to be desirable to put the construction and study of N=8 (and perhaps N>8) SQM models on a systematic basis by working out the appropriate off-shell superfield techniques.
One way to build such models is to perform a direct reduction of four-dimensional superfield theories. For instance, one may start from a general off-shell action containing k copies of the d=4 hypermultiplet, naturally written in analytic harmonic superspace [30, 31] , and reduce it to d=1 simply by suppressing the dependence on the spatial coordinates. The resulting action will describe the most general N=8 extension of a d=1 sigma model with a 4k-dimensional hyper-Kähler target manifold. Each reduced hypermultiplet yields a N=8, d=1 off-shell multiplet (4, 8, ∞) [32] containing four physical bosons, eight physical fermions and an infinite number of auxiliary fields just like its d=4 prototype.
A wider class of N=8 SQM models can be constructed reducing two-dimensional N= (4, 4) or heterotic N=(8, 0) sigma models. In this way one recovers the off-shell N=8, d=1 multiplets (4, 8, 4) and (8, 8, 0) [33] . The relevant superfield actions describe N=8, d=1 sigma models with torsion-full strong hyper-Kähler or octonionic-Kähler bosonic target manifolds, respectively [12] .
Although any d=1 super Poincaré algebra can be obtained from a higher-dimensional one via dimensional reduction, this is generally not true for d=1 superconformal algebras [34, 35] and off-shell d=1 multiplets. For instance, no d=4 analog exists for the N=4, d=1 multiplet with off-shell content (1, 4, 3) [5] or (3, 4, 1) [9, 10, 20] (while the multiplet (2, 4, 2) is actually a reduction of the chiral d=4 multiplet). Moreover, there exist offshell d=1 supermultiplets containing no auxiliary fields at all, something impossible for d≥3 supersymmetry. Examples are the multiplets (4, 4, 0) [16, 19] and (8, 8, 0) [33] of N=4 and N=8 supersymmetries in d=1. This zoo of d=1 supermultiplets greatly enlarges the class of admissible target geometries for supersymmetric d=1 sigma models and the related SQM models. Besides those obtainable by direct reduction from higher dimensions, there exist special geometries particular to d=1 models and associated with specific d=1 supermultiplets.
In fact, dimensional reduction is not too useful for obtaining superconformally invariant d=1 superfield actions which are important for the study of the AdS 2 /CFT 1 correspondence. One of the reasons is that the integration measures of superspaces having the same Grassmann-odd but different Grassmann-even dimensions possess different dilatation weights and hence different superconformal transformation properties. As a result, some superconformal invariant superfield Lagrangians in d=1 differ in structure from their d=4 counterparts. Another reason is the already mentioned property that most d=1 superconformal groups do not descend from superconformal groups in higher dimensions. The most general N=4, d=1 superconformal group is the exceptional one-parameter (α) family of supergroups D(2, 1; α) [35] which only at the special values α=0 and α=−1 (and at values equivalent to these two) reduces to the supergroup SU(1, 1|2) obtainable from superconformal groups SU(2, 2|N) in d=4.
Taking into account these circumstances, it is advantageous to have a convenient superfield approach to d=1 models which does not resort to dimensional reduction and is self-contained in d=1. Such a framework exists and is based on superfield nonlinear realizations of d=1 superconformal groups. It was pioneered in [5] and recently advanced in [22, 36] . Its basic merits are, firstly, that in most cases it automatically yields the irreducibility conditions for d=1 superfields and, secondly, that it directly specifies the superconformal transformation properties of these superfields. The physical bosons and fermions, together with the d=1 superspace coordinates, prove to be coset parameters associated with the appropriate generators of the superconformal group. Thus, the differences in the field content of various supermultiplets are attributed to different choices of the coset supermanifold inside the given superconformal group.
Using the nonlinear realizations approach, in [36] all known off-shell multiplets of N=4, d=1 Poincaré supersymmetry were recovered and a few novel ones were found, including examples of non-trivial off-shell superfield actions. With the present paper we begin a study of N=8, d=1 supermultiplets along the same line. We will demonstrate that the (5, 8, 3) multiplet of ref. [11] comes out as a Goldstone one, parameterizing a specific coset of the supergroup OSp(4 ⋆ |4) such that four physical bosons parametrize the coset SO(5)/SO(4) while the fifth one is the dilaton. The appropriate irreducibility constraints in N=8, d=1 superspace immediately follow as a consequence of covariant inverse Higgs [37] constraints on the relevant Cartan forms. As an example of a different N=8 mechanics, we construct a new model associated with the N=8, d=1 supermultiplet (3, 8, 5) . This supermultiplet parameterizes another coset of OSp(4 ⋆ |4) such that SO(5) ⊂ OSp(4 ⋆ |4) belongs to the stability subgroup while one out of three physical bosons is the coset parameter associated with the dilatation generator and the remaining two parametrize the R-symmetry coset SU(2) R /U(1) R . This model is a direct N=8 extension of some particular case of the N=4, d=1 superconformal mechanics considered in [22] and the corresponding bosonic sectors are in fact identical. For both N=8 supermultiplets considered, we construct invariant actions in N=4, d=1 superspace. We find an interesting peculiarity of the N=4, d=1 superfield representation of the model associated with a given N=8 multiplet. Depending on the N = 4 subgroup of the N = 8 super Poincaré group, with respect to which we decompose the given N = 8 superfield, we obtain different splittings of the latter into irreducible N=4 off-shell supermultiplets and, consequently, different N=4 off-shell actions, which however produce the same component actions. There exist two distinct N=4 splittings of the considered multiplets, namely
The first splitting in (1.1) is just what has been employed in [11] . The second splitting is new. For both of them we write down N=8 superconformal actions in standard N=4, d=1 superspace. The latter also suits the setting up of the off-shell superconformal action corresponding to the first option in (1.2). As for the second splitting in (1.2), the equivalent off-shell superconformal action can be written only by employing N=4, d=1 harmonic superspace [23] , since the kinetic term of the multiplet (0, 4, 4) is naturally defined just in this superspace. The paper is organized as follows. In Section 2 we give a N=8 superfield formulation of the multiplet (3, 8, 5) , based on a nonlinear realization of the superconformal supergroup OSp(4 ⋆ |4). In Sections 3 and 4 we present two alternative N=4 superfield formulations of this multiplet and the relevant off-shell superconformal actions. Section 5 is devoted to treating the multiplet (5, 8, 3 ) along the same lines. A summary of our results and an outlook are the contents of the concluding Section 6.
2 N=8, d=1 superspace and tensor multiplet 2.1 N=8, d=1 superspace as a reduction of N=2, d=4
It will be more convenient for us to start from the N = 8, d = 1 superfield description of the off-shell multiplet (3, 8, 5) , since it is tightly related to the N = 4, d = 1 model studied in [22] . We shall first recover it within the dimensional reduction from N = 2, d = 4 superspace.
The maximal automorphism group of N = 8, d = 1 super Poincaré algebra (without central charges) is SO(8) and so eight real Grassmann coordinates of N = 8, d = 1 superspace can be arranged into one of three 8-dimensional real irreps of SO (8) . For our purpose in this paper we shall split these 8 coordinates in another way, namely into two real quartets on which three commuting automorphism SU(2) groups will be realized.
A convenient point of departure is N = 2, d = 4 superspace (x m , θ α i ,θ iα ) whose automorphism group is SL(2, C) × U(2) R . The corresponding covariant derivatives form the following algebra:
where
). The N = 2, d = 4 tensor multiplet is described by a real isotriplet superfield V (ik) subjected to the off-shell constraints
These constraints can be reduced to d = 1 in two different ways, yielding multiplets of two different d = 1 supersymmetries.
To start with, it has been recently realized [36] that many N = 4, d = 1 superconformal multiplets have their N = 2, d = 4 ancestors (though the standard dimensional reduction to N = 4, d = 1 superspace proceeds from N = 1, d = 4 superspace, see e.g. [9] ). The relation between such d = 4 and d = 1 supermultiplets is provided by a special reduction procedure, whose key feature is the suppression of space-time indices in d = 4 spinor derivatives. The superfield constraints describing the N = 4, d = 1 supermultiplets are obtained from the N = 2, d = 4 ones by discarding the spinorial SL(2, C) indices and keeping only the R-symmetry indices. For instance, the constraints (2.4) after such a reduction become
Here, the "reduced"
and ∂ αα → ∂ t . The N = 4, d = 1 superfield V ij obeying the constraints (2.5) contains four bosonic (three physical and one auxiliary) and four fermionic off-shell components, i.e. it defines the N = 4, d = 1 multiplet (3, 4, 1). It has been employed in [9] for constructing a general off-shell sigma model corresponding to the N = 4 SQM model of [2] and [8] . The same supermultiplet was independently considered in [10, 20] and then has been used in [22] to construct a new version of N = 4 superconformal mechanics. It has been also treated in the framework of N = 4, d = 1 harmonic superspace [23] .
Other N = 2, d = 4 supermultiplets can be also reduced in this way to yield their N = 4, d = 1 superspace analogs [36] . It should be emphasized that, though formally reduced constraints look similar to their N = 2, d = 4 ancestors, the irreducible component field contents of the relevant multiplets can radically differ from those in d = 4 due to the different structure of the algebra of the covariant derivatives. For example, (2.4) gives rise to a notoph type differential constraint for a vector component field, while (2.5) does not impose any restriction on the t-depenedence of the corresponding component fields. As an extreme expression of such a relaxation of constraints, some N = 2, d = 4 supermultiplets which are on-shell in the standard d = 4 superspace in consequence of their superfield constraints, have off-shell N = 4, d = 1 counterparts. This refers e.g. to the N = 2, d = 1 hypermultiplet without central charge [38] (leaving aside the formulations in N = 2, d = 4 harmonic superspace [30, 31] ).
Another, more direct way to reduce some constrained N = 2, d = 4 superfield to d = 1 is to keep as well the SL(2, C) indices of spinor derivatives, thus preserving the total number of spinor coordinates and supersymmetries and yielding a N = 8, d = 1 supermultiplet. However, such a reduction clearly breaks SL(2, C) down to its SU(2)
A closer inspection of the relation (2.7) shows that, besides the U(2) R automorphisms 4 and the manifest SU(2) realized on the indices α, β and inherited from SL(2, C), it also possesses the hidden automorphisms
which emerge as a by-product of the reduction. Together with the manifest SU(2) and overall phase U(1) R transformations, (2.8) can be shown to form USp(2) ∼ SO(5). The transformations withΛ α β = −Λ α β close on the manifest SU(2) and, together with the latter, constitute the subgroup Spin(4) = SU(2) × SU(2) ⊂ USp(2). The manifest SU(2) forms a diagonal in this product. Passing to the new basis
9) one can split (2.7) into two copies of N = 4, d = 1 anticommutation relations, such that the covariant derivatives from these sets anticommute with each other
These two mutually anticommuting algebras pick up the left and right SU(2) factors of Spin(4) as their automorphism symmetries. Correspondingly, the N = 8, d = 1 superspace is parameterized by the coordinates (t, θ ia , ϑ kα ), subjected to the reality conditions 
This off-shell N = 8, d = 1 multiplet can be shown to comprise eight bosonic (three physical and five auxiliary) and eight fermionic components, i.e. it is (3, 8, 5) . We shall see that (2.12) implies a d = 1 version of the d = 4 notoph field strength constraint whose effect in d = 1 is to constrain some superfield component to be constant [5] .
In the next Section we shall show that the N = 8, d = 1 tensor multiplet V ij defined by (2.12) can support, besides the manifest N = 8, d = 1 Poincaré supersymmetry, also a realization of the N = 8, d = 1 superconformal algebra osp(4 ⋆ |4). While considered as a carrier of the latter, it can be called 'N = 8, d = 1 improved tensor multiplet'. In fact, like its N = 4, d = 1 counterpart (3, 4, 1), it can be derived from a nonlinear realization of the supergroup OSp(4 ⋆ |4) in the appropriate coset supermanifold, without any reference to the dimensional reduction from d = 4.
Superconformal properties of the N=8, d=1 tensor multiplet
The simplest way to find the transformation properties of the N = 8, d = 1 tensor multiplet V ij and prove the covariance of the basic constraints (2.12) with respect to the superconformal N = 8 superalgebra osp(4 ⋆ |4) is to use the coset realization technique. All steps in this construction are very similar to those employed in [22] . So we quote here the main results without detailed explanations.
We use the standard definition of the superalgebra osp(4 ⋆ |4) [35] . It contains the following sixteen spinor generators: 13) and sixteen bosonic generators:
14)
The indices A, i, a and α refer to fundamental representations of the mutually commuting sl(2, R) ∼ T AB 0
algebras. The four generators U aα belong to the coset SO(5)/SO(4) with SO(4) generated by T ab 1 and T αβ 2 . The bosonic generators form the full bosonic subalgebra sl(2, R) ⊕ su(2) R ⊕ so(5) of osp(4 ⋆ |4). The commutator of any T -generator with Q has the same form, and it is sufficient to write it for some particular sort of indices, e.g. for a, b (other indices of Q iaA 1,2 being suppressed):
The commutators with the coset SO(5)/SO(4) generators U aα have the following form
At last, the anticommutators of the fermionic generators read
From (2.17) it follows that the generators Q iaA 1
and Q iαA 1 , together with the corresponding bosonic generators, span two osp(4 ⋆ |2) subalgebras in osp(4 ⋆ |4). For what follows it is convenient to pass to another notation,
One can check that P and Q ia , Q iα constitute a N = 8, d = 1 Poincaré superalgebra. The generators D, K and S ia , S iα stand for the d = 1 dilatations, special conformal transformations and conformal supersymmetry, respectively. The full structure of the superalgebra osp(4 ⋆ |4) is given in Appendix. Now we shall construct a nonlinear realization of the superconformal group OSp(4 ⋆ |4) in the coset superspace with an element parameterized as
The coordinates t, θ ia , ϑ iα parametrize the N = 8, d = 1 superspace. All other supercoset parameters are Goldstone N = 8 superfields. The stability subgroup contains a subgroup U(1) R of the group SU(2) R realized on the doublet indices i, hence the Goldstone superfields φ,φ parametrize the coset SU(2) R /U(1) R . The group SO (5) is placed in the stability subgroup. It linearly rotates the fermionic Goldstone superfields ψ and ξ through each other, equally as the N = 8, d = 1 Grassmann coordinates θ and ϑ's. To summarize, in the present case we are dealing with the supercoset
. The semi-covariant (fully covariant only under N = 8 Poincaré supersymmetry) spinor derivatives are defined by
Their anticommutators, by construction, coincide with (2.10).
A natural way to find conformally covariant irreducibility conditions on the coset superfields is to impose the inverse Higgs constraints [37] on the left-covariant Cartan one-form Ω valued in the superalgebra osp(4 ⋆ |4). This form is defined by the standard relation
In analogy with [22, 36] , we impose the following constraints:
where | denotes the spinor projection. These constraints are manifestly covariant under the whole supergroup. They allow one to express the Goldstone spinor superfields and the superfield z via the spinor and t-derivatives, respectively, of the remaining bosonic Goldstone superfields u, φ,φ 25) and eliminating the spinor superfields from (2.23), the differential constraints on the remaining Goldstone superfields can be brought in the manifestly SU(2)-symmetric form
which coincides with (2.12). For further use, we present one important consequence of (2.26)
The specific normalization of the arbitrary real constant m is chosen for convenience. Besides ensuring the covariance of the basic constraints (2.26) with respect to OSp(4 ⋆ |4) and clarifying their geometric meaning, the coset approach provides the easiest way to find the transformation properties of all coordinates and superfields. Indeed, all transformations are generated by acting on the coset element (2.19) from the left by the elements of osp(4 ⋆ |4). Since all bosonic transformations appear in the anticommutator of the conformal supersymmetry and Poincaré supersymmetry, it is sufficient to know how V ij is transformed under these supersymmetries.
The N = 8, d = 1 Poincaré supersymmetry is realized on superspace coordinates in the standard way
and V ik is a scalar with respect to these transformations. On the other hand, N = 8 superconformal transformations are non-trivially realized both on the coordinates and coset superfields
The conformal supersymmetry transformation of V ij has the manifestly Spin(4) × SU(2) covariant form
Thus we know the transformation properties of the N = 8 'tensor' multiplet V ij under the N = 8 superconformal group OSp(4 ⋆ |4). Before turning to the construction of superconformal invariant actions, in the next Section we will study how this N = 8 multiplet is described in N = 4, d = 1 superspace.
or harmonic analytic superspaces. Another possibility is to formulate the N = 8 tensor multiplet in N = 4, d = 1 superspace. In such a formulation half of N = 8 supersymmetries is hidden and only N = 4 supersymmetry is manifest. Nevertheless, it allows a rather straightforward construction of N = 8 supersymmetric and superconformal actions. Just this approach was used in [11] . In the next sections we shall reproduce the action of [11] and construct new N = 4 superfield actions with second hidden N = 4 supersymmetry, both for vector and tensor N = 8 multiplets. In the present section we consider two N = 4 superfield formulations of the N = 8 tensor multiplet. In order to describe the N = 8 tensor multiplet in terms of N = 4 superfields we should choose the appropriate N = 4 superspace. The first (evident) possibility is to consider the N = 4 superspace with coordinates
In this superspace the N = 4 conformal supergroup
is naturally realized, while the rest of the osp(4 ⋆ |4) generators mixes two irreducible N = 4 superfields comprising the (3, 8, 5 ) N = 8 supermultiplet in question. Expanding the N = 8 superfields V ij in ϑ iα , one finds that the constraints (2.26) leave in V ij the following four bosonic and four fermionic independent N = 4 projections:
where | means restriction to ϑ iα = 0. Each N = 4 superfield is subjected, in virtue of (2.26), to an additional constraint
where we used (2.27). Thus, we conclude that our N = 8 tensor multiplet V ij , when rewritten in terms of N = 4 superfields, amounts to a direct sum of the N = 4 'tensor' multiplet v ij with the (3, 4, 1) off-shell content and a fermionic analog of the N = 4 hypermultiplet ξ (1, 4, 3) , which is defined by the d = 1 reduction of the N = 1, d = 4 tensor multiplet constraints, was earlier observed in [5] .
The transformations of the implicit N = 4 Poincaré supersymmetry completing the manifest one to the full N = 8 Poincaré supersymmetry have the following form in terms of N = 4 superfields:
where we passed to standard N = 4, d = 1 derivatives (2.6)
and the complex notation
Since any other osp(4 ⋆ |4) transformation appears in the anticommutator of N = 4 conformal supersymmetry (realized as in (2.29)-(2.31) with ε = ϑ = 0) and implicit N = 4 Poincaré supersymmetry transformations, it suffices to require invariance under these two basic supersymmetries when constructing invariant actions for the considered system in the N = 4, d = 1 superspace. Note that we could equally choose the N = 4, d = 1 superspace (t, ϑ iα ) to deal with, and expand V ij with respect to θ ia . The final N = 4, d = 1 splitting of the multiplet (3, 8, 5) will be the same modulo the interchange α ↔ a. These two 'mirror' choices manifestly preserve covariance under the R-symmetry group SU(2) R realized on the indices i, k. (1, 4, 3) and (2, 4, 2) . The latter is a chiral N = 4 multiplet, while the only N = 4, d = 1 superconformal group which respects chirality is just SU(1, 1|2) [22, 23] .
together with the bosonic ones
indeed form a su(1, 1|2) superalgebra with central charge Z. Let us note that the only su(2) subalgebra which remains manifest in this basis is the diagonal su(2) ∼ T ab in
The splitting of the N = 8 superfield V ij in terms of the N = 4 ones in the newly introduced basis can be performed as follows. Firstly, we define the new covariant derivatives with the indices of the fundamental representations of the diagonal su(2) ⊂ Spin(4) as
with the only non-zero anticommutators being 
Due to the constraints (3.12), the derivatives ∇ a and ∇ a of every N = 8 superfield in the triplet (V 12 , V 11 , V 22 ) can be expressed as D a , D a of some other superfield. Therefore, only the zeroth order (i.e. taken at θ 
The N = 4 superfields ϕ,φ comprise the standard N = 4, d = 1 chiral multiplet (2, 4, 2), while the N = 4 superfield v subject to (3.14) and having the (1, 4, 3) off-shell content is recognized as the one employed in [5, 6] for constructing the N = 4 superconformal mechanics and N = 4 supersymmetric quantum mechanics with partially broken supersymmetry. An immediate question is as to how the previously introduced constant m reappears in this new setting. The answer can be found in [5] . First of all, from the constraints (3.14) it follows that
Secondly, rewriting the constraint (2.27) in terms of the new variables we obtain
Thus, the constant m now is recovered as a component of the N = 4 superfield v. As we already know from [5] , the presence of this constant in v is crucial for generating the scalar potential term in the action. The realization of the implicit N = 4 supersymmetry on the N = 4 superfields v, ϕ,φ is as follows:
It is worth noting that in the considered N = 4 formulation, as distinct from the previous one, the constant m does not appear explicitly in the transformations of the implicit N = 4 supersymmetry (cf. 
Actions for the (1,4,3)⊕(2,4,2) splitting
In order to construct an invariant action for the N = 8 tensor multiplet in N = 4 superspace, one can proceed from any of its two alternative N = 4 superfield representations described above. We shall consider first the actions in terms of the N = 4 scalar superfield v subjected to the constraints (3.14) and the chiral superfields ϕ,φ, i.e. for the splitting described in Sect. 3.2. The equivalent action in terms of the N = 4 tensor multiplet v ij and the fermionic variant of the hypermultiplet ξ i , eq. (3.3), is naturally constructed in the N = 4, d = 1 harmonic superspace of ref. [23] . It will be considered in the next subsection.
The N = 8 supersymmetric free action for the supermultiplet v, ϕ,φ reads
It is easy to check that it is indeed invariant with respect to the hidden N = 4 Poincaré supersymmetry (3.17) which completes the manifest N = 4 one to N = 8. The free action (4.1) is not invariant with respect to (super)conformal transformations. In order to construct a N = 8 superconformal invariant action for N = 4 superfields v, ϕ,φ, we follow a strategy which goes back to [39] and was applied in [22] for constructing a N = 4 superconformal action for the N = 4 tensor multiplet in N = 2, d = 1 superspace.
The 'step-by-step' construction of [22] adapted to the given case works as follows. Let us start from the N = 4 superconformal invariant action for the superfield v [5]
The variation of L 0 with respect to (3.17), up to a total derivative, reads
Thus, in order to ensure N = 8 supersymmetry, we have to add to L 0 in (4.2) a term which cancels (4.3), namely
Continuing this recursive procedure further, we find the full Lagrangian yielding the N = 8 supersymmetric action
Discarding terms which do not contribute to the action as a consequence of the basic constraints (3.14), we eventually obtain
The last step is to check that the action (4.6) is invariant with respect to N = 4 superconformal transformations and so is N = 8 superconformal (since the closure of N = 4 superconformal and N = 8 Poincaré supersymmetries is N = 8 superconformal symmetry).
The subgroup of (2.29)-(2.31) with respect to which the N = 4 superspace (3.11) is closed (i.e. SU(1, 1|2)) is singled out by the following identification of the transformation parameters
The corresponding subset of N = 8 superconformal transformations is formed just by those transformations which leave intact the combinations θ 
while the full integration measure transforms as
The combination ϕφ/v 2 is invariant under (4.8). Thus, only the first multiplier in (4.5), i.e. the superfield v, is transformed. Therefore, the transformation of L (4.5) is
and cancels out the transformation of the measure (4.9), ensuring the N = 4 superconformal invariance of the action (4.6). Hence the latter, being also invariant under N = 8 Poincaré supersymmetry, is invariant under the entire N = 8 superconformal group OSp(4 ⋆ |4). The full component action is rather lengthy, but its pure bosonic core is remarkably simple. Integrating in (4.6) over Grassmann variables, discarding all fermions and eliminating the auxiliary fields D 
where the fields v, ϕ,φ are the first, θ-independent terms in the N = 4 superfields v, ϕ,φ, respectively. The meaning of the action (4.11) can be clarified by passing to the new field variables q, λ,λ defined as
In terms of these fields the action (4.11) becomes
This amounts to the sum of two conformally invariant d = 1 actions, i.e. that of conformal mechanics [41] and that of a charged particle moving in the field of a Dirac monopole. Thus, the bosonic part of the action (4.5) exactly coincides with the bosonic part of the action of N = 4, D(2, 1; α) superconformal mechanics [22] corresponding to the particular choice α = 1, for which D(2, 1; α) becomes OSp(4 ⋆ |2). The mass parameter m, which is present among the components of the original N = 8 superfield V ik , plays the role of the coupling constant, in analogy with [5] . Note that in [22] an analogous coupling constant appeared as a free parameter of the action, while in the considered case it arises as a consequence of the irreducibility constraints in N = 8, d = 1 superspace.
We conclude that the action (4.6) describes a N = 8 supersymmetric extension of the conformally invariant action of the coupled system for the dilaton field and a charged particle in a Dirac monopole background. The fact that the bosonic sector of the action of this N = 8 superconformal mechanics coincides with that of the α = 1 case of the N = 4 superconformal mechanics action associated with the multiplet (3, 4, 1 
Superconformal action for the (3,4,1)⊕(0,4,4) splitting
The action for the splitting of Subsect. 3.1 consists of two pieces. The first one is written in the customary N = 4, d = 1 superspace and the second one in the analytic subspace of N = 4, d = 1 harmonic superspace [23] . So, we first need to rewrite the defining relations of the N = 4 superfields v (ik) and ξ i α (first two eqs. in (3.3)) in the harmonic superspace. We use the definitions and conventions of ref. [23] . The harmonic variables parameterizing the coset SU(2) R /U(1) R are defined by the relations
The harmonic projections of v ik , ξ i α are defined by
and the relevant part of constraints (3.3) is rewritten as 
The action is given by 19) where dudζ −− = dudt A dθ + dθ + is the measure of integration over the analytic superspace and
The first term in (4.19) is the superconformal (i.e. OSp(4 ⋆ |2)) invariant kinetic term of v ik . The second and third ones are the kinetic term of ξ + and the superconformal invariant potential term of v ik [23] . The action (4.19) is manifestly N = 4 supersymmetric since it is written in terms of N = 4 superfields. However, its invariance with respect to the hidden N = 4 supersymmetry (4.18) must be explicitly checked. It is enough to demonstrate the invariance of (4.19) with respect to the η part of (4.18).
The variations of the three terms in (4.19) are
It is seen that the m-dependent terms are cancelled between δS 2 and δS 3 . The first term in δS 2 may be rewritten as an integral over the full N = 4 superspace using
Thus, the variation of the action (4.19) reads
Now, using (4.18), we identically rewrite the numerator in the second term in (4.22) as
The first term in (4.23) does not depend on harmonics, so the corresponding part of the harmonic integral in (4.22) can be easily computed to yield
This term is cancelled by the first one in (4.22) . Finally, we are left with
Let us prove that the expression
is reduced to a total harmonic derivative, modulo purely analytic terms which disappear under the Berezin integral over the full harmonic superspace. The proof for the terms ∼ B 1 and ∼ B 2 can be carried out independently, so we start with the first term.
As a first step, let us note that v
For the first term in B 1 this is evident, since the difference is an analytic superfield. For the second term this follows from the identity 27) which can be easily checked. Next, we need to show the existence of a functionF ++ , such that
Choosing forF ++ the Ansatz
and comparing both sides of (4.28), we find
Proceeding in a similar way, it is straightforward to show that the term prportional to ∼ B 2 in (4.26) is also reduced to a total harmonic derivative
Indeed, making the Ansatz 32) it is easy to find
In obtaining this result, we made use of the relation
Thus, we proved that the term (4.25) vanishes and so the action (4.19) possesses N = 8 supersymmetry.
Finally, we should prove the N = 4 superconformal invariance of the entire action (4.19). The invariance of the first and third terms was shown in [22] and [23] , so it remains for us to prove this property for the second term.
As shown in [23] , the measure of integration over the analytic superspace is invariant under the N = 4 superconformal group (OSp(4 ⋆ |2) in our case), while the involved superfields are transformed as
Here the analytic superfunction Λ contains all parameters of superconformal transformations (see [23] for details). The variation of the second term in (4.19) under these transformations is
The last term in (4.36) is vanishing under the harmonic integral, because 
It can be checked that the expression in the square brackets is equal to
where the function f 1 (X) already appeared in (4.30) . Integrating by parts with respect to (D ++ ) 2 we find that the variation (4.37) is vanishing under the harmonic integral, once again due to harmonic constraints on ξ + and Λ. We finish with two comments.
First, we wish to point out that the actions (4.6) and (4.19), though describing the same system, are defined on N = 4 superspaces with drastically different superconformal properties and so cannot be related by any equivalence transformation. Indeed, the manifest superconformal group of (4.6) realized on the coordinates of the corresponding N = 4 superspace is SU (1, 1|2) , and it is the only N = 4, d = 1 superconformal group compatible with chirality. On the contrary, the manifest superconformal group of (4.19) acting in the relevant N = 4 superspaces is OSp(4 ⋆ |2). Both actions have hidden N = 4 superconformal symmetries which close on OSp(4 ⋆ |4) together with the manifest ones; they are given by OSp(4 ⋆ |2) in the first case and SU(1, 1|2) in the second one. These hidden superconformal symmetries are not realized on the N = 4 superspace coordinates, but rather they transform the involved N = 4 superfields through each other. Thus, the actions (4.6) and (4.19) bring to light different symmetry aspects of the same N = 8 superconformal system. Of course, these two different N = 4 actions yield the same component action; also, they both can presumably be obtained from the single superconformal action of V ij in N = 8, d = 1 superspace, e.g. in N = 8, d = 1 harmonic superspace which is a straightforward reduction of the N = 2, d = 4 one [30, 31] . We do not address the latter issue in this paper.
The second comment concerns an interesting dual role of the parameter m. In the action (4.6) it is hidden inside the superfield v, does not appear in the transformations of the implicit N = 4 Poincaré supersymmetry (3.17) and is revealed only after passing to the component action, where it produces a scalar potential and magnetic monopole terms (it yet reappears, due to (3.16), in the anticommutators of the implicit Poincaré supersymmetry and the manifest SU(1, 1|2) superconformal symmetry). On the contrary, in the alternative splitting considered here this parameter appears already in the transformations of the second N = 4 Poincaré supersymmetry (3.4), (4.18) and is explicitly present in the superfield action (4.19) as the coefficient before the superconformal superfield potential term. As follows from (3.4) and (4.18), at m = 0 the implicit half of N=8, d = 1 Poincaré supersymmetry is spontaneously broken, ξ i ,ξ i being the relevant Goldstone fermions with an inhomogeneous transformation law. Since, by construction, all fermions in the theory are the Goldstone ones for the conformal supersymmetry and so transform inhomogeneously under the latter, we conclude that there is a linear combination of the implicit N=4 Poincaré supersymmetry generators and half of those of the N=8 conformal supersymmetry which remains unbroken at m = 0. At m = 0 unbroken is the entire N=8, d=1 Poincaré supersymmetry. So the structure of the vacuum symmetries of the model essentially depends on the parameter m.
N=8, d=1 vector multiplet
In this section we shall analyse, along the same line, the off-shell N = 8 multiplet (5, 8, 3 ) considered in [11, 29, 26] . As new results, we shall study its superconformal properties (which has not been done before), show the existence of a second N = 4 splitting for it and construct the corresponding N = 8 superconformal invariant off-shell actions.
Superconformal properties in N=8 superspace
In analogy with the N = 8 tensor multiplet, the N = 8 multiplet (5, 8, 3) employed in [11] can also be obtained from the proper nonlinear realization of the supergroup OSp(4 ⋆ |4). The corresponding supercoset contains the bosonic coset USp(2)/Spin(4) ∼ SO(5)/SO(4), four out of five physical bosonic fields of the multiplet in question being the corresponding coset parameters. The remaining field, as in the previous case, is the dilaton associated with the generator D. As opposed to the previous case in which the supercoset contained the coset SU(2) R /U(1) R of the R-symmetry group SU(2) R (with generators T ik ), in the present case this SU(2) R as a whole is placed into the stability subgroup. Thus we are going to construct a nonlinear realization of the superconformal group OSp(4 ⋆ |4) in the coset superspace
In order to find superconformal covariant irreducibility conditions on the coset superfields, we must impose, once again, the inverse Higgs constraints [37] on the left-covariant osp(4 ⋆ |4)-valued Cartan one-form Ω . In full analogy with (2.22), we impose the following constraints
These constraints are manifestly covariant under the left action of the whole supergroup. They allow one to trade the Goldstone spinor superfields and the superfield z for the spinor and t-derivatives of the remaining bosonic Goldstone superfields u, v αa . Simultaneously, they imply the irreducibility constraints for the latter
Note that the superfields U, V αa provide an example of how to construct a linear representation of SO(5) symmetry in terms of its nonlinear realization. Indeed, with respect to SO(4) ∼ SU(2) × SU(2) the superfield V αa is a 4-vector, in accordance with its spinor indices, and U is a scalar. With respect to the SO(5)/SO(4) transformations generated by the left action of the group element
these superfields transform as
thus constituting a vector representation of SO (5). Roughly speaking, the SO(5)/SO(4) superfield V αa represents the angular part of this SO(5) vector, while e −u is its radial part. Indeed,
Under (5.5) the coordinates also transform, as
The transformation properties of the superfields u, V αa under the conformal supersymmetry generated by the left shifts with
can be easily found
5.2 Two N=4 superfield formulations 
Another interesting N = 4 superfield splitting of the N = 8 vector multiplet can be achieved by passing to the complex parametrization of the N = 8 superspace as
with a manifest diagonal su(2) (this is just the parametrization corresponding to the direct reduction from N = 2, d = 4 superspace, with the spinor derivatives satisfying the algebra (2.7)). In this superspace we define the covariant derivatives D iα , D jβ as
(the indices β and a are indistinguishable with respect to the diagonal SU (2)) and pass to the new notation
In this basis of N = 8 superspace, the original constraints (5.3) amount to and satisfy the constraints following from (5.18)
They tell us that the N = 4 superfields Φ andΦ form the standard N = 4 chiral multiplet (2, 4, 2), while the N = 4 superfield W αβ is recognized as the N = 4 tensor multiplet (3, 4, 1) . Just this N = 4 superfield set has been proposed in [11] The implicit N = 4 supersymmetry is realized on W αβ , Φ andΦ as
N=8 supersymmetric actions in N=4 superspace
As we showed, the N = 8 vector multiplet has two different descriptions in terms of N = 4 superfields, the 'new' and 'old' ones. The first (new) description involves the N = 4 'old tensor' multipletÛ and the 'hypermultiplet'V aα obeying the constraints (5.13).
For constructing the N = 4 superfield superconformal action for this case, we start with the following Ansatz:
where L 0 is the OSp(4 ⋆ |2) superconformal invariant action for U [36] . The complete action (5.22) , by construction, possesses N = 4 superconformal OSp(4 ⋆ |2) invariance. Indeed, with respect to the particular subset of transformations (5.10) with
which do not mix the superfieldsÛ andV aα and preserve the N = 4 superspace (t, θ ia ) ≡ (t, θ a , −θ a ) , the measure transforms as
and, therefore,
(recall the relations (5.4)). Since V 2 /Û 2 n is invariant with respect to (5.26), it follows from the representation (5.22) that L transforms as 27) which cancels the variation of the measure (5.24). Now we should choose the coefficients a n so as to make the action (5.22) invariant with respect to the implicit N = 4 supersymmetry (5.14). The variation of the first term under (5.14) can be represented as
Going further, one finds the following recurrence relation between the coefficients a n which ensures the invariance of the action (5.22):
Let us note that the same relations among the coefficients a n (5.29) appear if we require the invariance of the action (5.22) under the SO(5)/SO(4) transformations (5.6), (5.8) which, in terms of N=4 superfields, look as follows
Indeed, the variation of L 0 after integrating by parts can be cast in the form 31) while the variation of generic coefficients A n is as follows:
It is easy to see that, with a n as in (5.29) , all terms in the SO(5) variation of (5. The free action invariant under the implicit N = 4 supersymmetry (5.21) reads
The N = 4 superconformal invariant action which is invariant also under (5.21) has the very simple form
The proof of N = 4 superconformal symmetry in this case (it is now SU(1, 1|2)) is similar to that performed in Section 4.1. Indeed, under the restriction (4.7) the transformation of the measure is the same as in (4.9) and This action supplies a particular case of the SO(5) invariant bosonic target metric found in [11] . The most general SO(5) invariant metric of [11] can be reproduced from the superfield action constructed as the sum of (5.36) and the non-conformal (but SO(5) invariant) action (5.35). Let us recall that the N = 4, d = 1 tensor multiplet admits a N = 4 superconformal invariant potential term [22, 23] , but the latter can be written only in terms of the prepotential for W αβ , or as an integral over the analytic harmonic superspace [23] . This term can be promoted to a N = 8 superconformal invariant one. However, this issue is out of the scope of the present paper. We plan to consider it elsewhere.
Conclusions
In this paper we constructed new models of N=8 superconformal mechanics associated with the off-shell multiplets (3, 8, 5) and (5, 8, 3 ) of N=8, d=1 Poincaré supersymmetry. We showed that both multiplets can be described in a N=8 superfield form as properly constrained Goldstone superfields associated with suitable cosets of the nonlinearly realized N=8, d=1 superconformal group OSp(4 ⋆ |4). The N=8 superfield irreducibility conditions were derived as a subset of superconformal covariant constraints on the Cartan super one-forms. The superconformal transformation properties of these N=8, d=1 Goldstone superfields were explicitly given, alongside with the transformation of the coordinates of N=8, d=1 superspace. Although these superfield irreducibility constraints can also be reproduced, via dimensional reduction, from the analogous constraints defining off-shell d=4 tensor and vector multiplets in d=4 superspace, our method, being self-contained in d=1, is not tied to such a procedure. Also, the field contents of the considered d=1 multiplets differ essentially from those of their d=4 ancestors.
Apart from the N=8 superfield description, we presented several N=4 superfield formulations of these d=1 multiplets. As an interesting phenomenon, we revealed the existence of two different N=4 'facets' of each single N=8 multiplet. These alternative N=4 formulations deal with different pairs of off-shell N=4 multiplets (see (1.1) and (1.2)) and generically manifest different N=4 superconformal subgroups of OSp(4 ⋆ |4). More concretely for both (1.1) and (1.2), the first splitting features the superconformal N=4 subgroup SU(1, 1|2) (with some central charges added) while the second one involves OSp(4 ⋆ |2). We constructed N=8 superconformal invariant off-shell N=4 superfield actions for all four splittings considered. To our knowledge, these actions have not yet appeared in the literature. As a subsymmetry of OSp(4 ⋆ |4) they all respect a hidden USp(2) ∼ SO(5) symmetry. Hence, for the multiplet (5, 8, 3 ) our superconformal actions provide a special case of the SO(5) invariant N=4 superfield action of [11] (which presented the target metric but not the action).
An obvious project for future study is to investigate the implications of our N=8 superconformal mechanics models for the AdS 2 /CFT 1 correspondence. Indeed, the N=4 superconformal mechanics associated with the multiplet (3, 4, 1) [23] is believed to be equivalent, both classically and quantum-mechanically [42, 43] , to a superparticle on the supercoset SU (1,1|2) SO(1,1)⊗U (1) which is a superextension of AdS 2 × S 2 . One of the N=8 models considered here, namely the one associated with the multiplet (3, 8, 5) , is a further superextension of the N=4 superconformal mechanics just mentioned, with the bosonic sector unchanged. It is therefore natural to expect a relation to some AdS 2 × S 2 super-particles defined on appropriate cosets of the supergroup OSp(4 ⋆ |4) since it contains both SU(1, 1|2) and OSp(4 ⋆ |2) as supersubgroups. As proposed in [26] , the models associated with the multiplet (5, 8, 3 ) can describe the dimensionally reduced Coulomb branch of d=4 Seiberg-Witten theory, and the corresponding actions may be connected with the low-energy quantum effective action of this theory. It would be interesting to elucidate the role of the superconformal invariant model as well as the existence of its two different but equivalent N=4 descriptions from this point of view.
Our main focus in this paper was on superconformally invariant actions of the N=8 multiplets considered. One could equally well employ these off-shell multiplets for constructing N=8 supersymmetric, but not superconformal, d=1 models. It is desirable to learn what is the most general bosonic target geometry associated with such sigma models.
Finally, let us recall that, besides OSp(4 ⋆ |4), there exist other N=8, d=1 superconformal groups, namely OSp(8|2) , F (4) and SU(1, 1|4) (see e.g. [34] ). It is clearly of interest to set up nonlinear realizations of all these supergroups, deducing the corresponding N=8 multiplets and constructing the associated N=8 supersymmetric and superconformal mechanics models. Certain steps towards this goal will be presented in a forthcoming paper [40] .
